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ABSTRACT 
The University of Illinois is developing a CubeSat bus, known as IlliniSat-2, which will be 
capable of achieving 3-axis attitude control via magnetic torque coils and attitude determination 
via Kalman-filtered magnetometer data with an optional Sun vector measurement.  This innovative 
new attitude determination and control (ADC) method is more sophisticated than those 
traditionally employed on CubeSats and will require extensive pre-flight testing to ensure that 
IlliniSat-2 functions properly after it is launched.  To accommodate such testing, a hardware-in-
the-loop ADC simulation suite, known as CubeSim, is being developed.  CubeSim uses a large 
triaxial Helmholtz coil, known as the HC3, to dynamically manipulate the magnetic field around 
a CubeSat to simulate an orbital environment.  In the case of an IlliniSat-2 bus, the HC3 testbed 
allows the CubeSat to determine its attitude in real-time.  CubeSim will also receive control 
feedback from the CubeSat and update the simulated attitude accordingly.  This thesis will discuss 
the development of CubeSim, including the theory and design of the HC3 and the associated 
software interfaces.  Results from initial simulations and testing will be presented and the path for 
future work will be discussed.
iii 
 
 
ACKNOWLEDGEMENTS 
I would first like to thank my adviser, Professor Victoria Coverstone, for providing me 
with constant support and motivation.  I’d also like to thank Alex Ghosh and Erik Kroeker for 
encouraging me to stick around and pursue this project further.  Staying in graduate school was 
the best decision of my life.  Thanks go out to Kevin Bassett for all the help with the various 
electronics involved in this project. 
I’d also like to thank Diane Jeffers and the Illinois Space Grant Consortium for providing 
financial support to this otherwise unfunded endeavor. 
Lastly, thanks to Stephen Wolfram for creating the greatest piece of software on the planet, 
Mathematica (and hence for all of the pretty graphs that follow).
iv 
 
TABLE OF CONTENTS 
1. INTRODUCTION ...................................................................................................................... 1 
1.1 IlliniSat-2 Attitude Control ................................................................................................... 1 
1.2 IlliniSat-2 Attitude Determination ........................................................................................ 2 
1.3 Ground Verification of ADCS .............................................................................................. 2 
1.4 CubeSim Overview ............................................................................................................... 2 
2. HC3 Theory ................................................................................................................................ 5 
2.1 Assumptions .......................................................................................................................... 5 
2.2 Magnetic Field of a Straight Line Segment .......................................................................... 5 
2.3 Magnetic Vector Potential of a Square Helmholtz Coil ........................................................ 7 
2.4 Magnetic Field of a Square Helmholtz Coil ........................................................................ 10 
2.5 Magnetic Field of a Triaxial Square Helmholtz Coil .......................................................... 12 
2.6 Square Helmholtz Coil Separation Distance ....................................................................... 15 
3. HC3 Design ............................................................................................................................... 21 
3.1 Requirements ....................................................................................................................... 22 
3.2 Materials .............................................................................................................................. 22 
3.3 Coil Diameter ...................................................................................................................... 23 
3.4 Number of Wire Loops ....................................................................................................... 24 
3.5 Magnetic Field Characterization ......................................................................................... 25 
3.6 Design details ...................................................................................................................... 29 
3.7 Power Supplies (Present) .................................................................................................... 34 
3.8 Power Supply (Future) ........................................................................................................ 34 
3.9 Magnetometer (Present) ...................................................................................................... 35 
3.10 Magnetometer (Future) ..................................................................................................... 36 
4. CubeSim .................................................................................................................................... 37 
4.1 LabVIEW ............................................................................................................................ 38 
4.2 Preliminary Simulation ....................................................................................................... 42 
4.3 Simulation Results ............................................................................................................... 44 
5. Future Work .............................................................................................................................. 47 
6. References ................................................................................................................................. 48 
 
1 
 
1. INTRODUCTION 
CubeSats are rapidly growing in popularity, and it is becoming much more common to 
utilize them for significant scientific missions.  Such missions are more labor intensive and have 
a greater cost, which means there is a greater risk associated with them.  High-risk missions require 
more robust ground testing and qualification to ensure the satellite functions as expected after 
launch.  The University of Illinois’s CubeSat, IlliniSat-2, is no exception, as it is contracted for 
two high-risk missions with upcoming launches:  LAICE and CubeSail.  Furthermore, a new, 
untested attitude determination and control system (ADCS) is being implemented on IlliniSat-2, 
and thorough testing is required to verify its functionality. 
1.1 ILLINISAT-2 ATTITUDE CONTROL 
IlliniSat-2 achieves attitude control via embedded magnetic torque coils.  A prototype of 
one of IlliniSat-2’s torque coils is shown in Figure 1.  All the required circuitry is printed on a thin, 
flexible cable.  The coil at the center of the cable contains four layers, each consisting of 50 turns 
of printed copper wire arranged in a flat spiral, resulting in a total of 200 turns.  When a current is 
run through the coil, a magnetic field perpendicular to the coil plane is generated.  In the presence 
of Earth’s magnetic field, the coil will experience a torque which will attempt to align the coil’s 
magnetic field with that of the Earth.  Each IlliniSat-2 bus contains three sets of mutually 
orthogonal torque coils aligned with the bus’s primary axes, allowing IlliniSat-2 to achieve full 3-
axis control. 
 
Figure 1. A Version 1 IlliniSat-2 torque coil. 
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1.2 ILLINISAT-2 ATTITUDE DETERMINATION 
IlliniSat-2 utilizes 3-axis magnetometers and photodiodes for attitude determination.  
While a single 3-axis magnetometer could suffice, several are used for redundancy and improved 
accuracy.  IlliniSat-2 uses sensor fusion to obtain the best result from all available magnetometer 
data and to ignore any magnetometers which seem to be malfunctioning.  A photodiode is located 
on each side of IlliniSat-2 to measure the solar intensity on each of its six faces.  The intensity 
from each illuminated face is used to construct a Sun vector in the bus’s body frame.  IlliniSat-2 
compares the measured magnetic field against the International Geomagnetic Reference Field 
(IGRF) model and compares the measured Sun vector against the known Earth-Sun vector to 
achieve attitude determination.  The Sun vector, however, is not required; it serves to speed up the 
attitude determination convergence time.  A discrete-time extended Kalman filter is implemented 
to improve attitude knowledge. 
1.3 GROUND VERIFICATION OF ADCS 
The new IlliniSat-2 ADCS has not yet established flight heritage and must undergo 
extensive ground testing.  Software simulations alone can prove a technique in theory, but they 
cannot account for hardware anomalies that could occur on the actual spacecraft.  The 
magnetometers, IlliniSat-2’s primary means of attitude determination, are affected by surrounding 
materials and other electronics, so it is ideal to test them once they are mounted in their final 
positions within the satellite bus, as opposed to testing them individually.  To satisfy these needs, 
a hardware-in-the-loop (HWIL) ADCS simulation and testing suite, known as CubeSim, was 
developed. 
1.4 CUBESIM OVERVIEW 
The primary goal of CubeSim is to create a simulated orbital environment for IlliniSat-2 
and characterize its ADCS before it is launched.  Since magnetometers are Illinisat-2’s primary 
means for attitude determination, a large triaxial square Helmholtz coil1, the HC3, was developed 
to accommodate this goal.  A square profile was chosen over a circular one to simplify the design 
and theory and to reduce material costs.   
                                                 
1 A Helmholtz coil consists of two parallel coils of wire spaced in such a way that a uniform magnetic field is created 
along their central axis when current is passed through the wire.  A triaxial Helmholtz coil implements three pairs of 
mutually orthogonal coils, allowing it to create a uniform magnetic field in any direction. 
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Figure 2. A rendering of the HC3 with a 3U IlliniSat-2 bus at its center. 
The HC3, shown in Figure 2, will replicate the magnetic field that IlliniSat-2 would 
experience as it tumbles in orbit. That is, the satellite remains stationary within the HC3, but as far 
as its sensors are concerned, it perceives that it is orbiting the Earth. CubeSim accomplishes this 
by first nullifying the Earth’s local magnetic field (i.e. creating an opposing field of equal intensity 
to the local Earth’s magnetic field) in the HC3, and then modifying the field to mimic the one 
experienced by an IlliniSat-2 bus in a simulated orbit in Systems Tool Kit (STK). The bus will 
determine its attitude and angular rates from the changing magnetic field and attempt to maneuver 
using its torque coils; these signals are intercepted and sent to a propagation algorithm. Accounting 
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for this synthetic torque, the new attitude is propagated forward and fed back into STK, the 
magnetic field is updated accordingly, and the process is repeated.  This is illustrated by the flow 
diagram in Figure 3.  CubeSim will allow for testing of the attitude determination and control 
system on an assembled IlliniSat-2 bus, or any sufficiently small satellite with a magnetic field-
based attitude determination system, prior to launch. 
 
Figure 3. CubeSim Flow Diagram. 
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2. HC3 THEORY 
In order to effectively design and operate the HC3, shown in Figure 2, it was desired to 
obtain full knowledge of the theoretical magnetic field it would create at any point, for any 
combinations of currents running through its coils.  To develop the governing equations, some 
assumptions are made, as described in the next section. 
2.1 ASSUMPTIONS 
Five main assumptions are made to allow efficient calculation of the magnetic field, while 
introducing a minimal amount of error: 
1. The magnetic field generated by the current, I, running through a square coil of wire 
with length, L, and n loops can be calculated as the superposition of the magnetic field 
produced by 4n discrete current elements of length L running along the sides of the 
square coil, with n elements per side. 
2. All wire elements on any side of a square coil are exactly parallel. 
3. The group of n lengths of wire along any side of a square coil can be approximated as 
a single wire carrying a current of magnitude nI located on the centroidal axis of the 
group. 
4. The effects produced by the slight curvature of the wire around the corners of a square 
coil may be neglected. 
5. All mediums through which the magnetic field passes have a permeability 
approximately equal to the permeability of free space, 𝜇0 = 4𝜋 × 10
−7 N/(A ∙ m). 
These assumptions allow the magnetic field produced by a square coil to be calculated as 
the sum of four simple straight line current calculations (one from each side.) 
2.2 MAGNETIC FIELD OF A STRAIGHT LINE SEGMENT 
Before trying to calculate the full magnetic field generated by a triaxial Helmholtz coil, a 
straight line segment carrying the current, I, (depicted in Figure 4) will first be considered.  The 
start and end points of the current segment with respect to the origin are defined by l1 and l2, 
respectively, where 
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𝒍1 = [
𝑥1
′
𝑦1
′
𝑧1
′
] and 𝒍2 = [
𝑥2
′
𝑦2
′
𝑧2
′
] (1) 
The location of a point 𝑷 = [𝑥 𝑦 𝑧]𝑇 with respect to the current segment is then given by 
𝒓 = 𝑷 − 𝒍 = [
𝑥 − 𝑥′
𝑦 − 𝑦′
𝑧 − 𝑧′
] 
𝑟 = √(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2 + (𝑧 − 𝑧′)2  
(2) 
The magnetic field, B, created by the current segment at P can be directly calculated with 
the Biot-Savart law [1]: 
𝑩 =
𝜇0𝐼
4𝜋
∫
𝑑𝒍 × ?̂?
𝑟2
 (3) 
Here, dl is a differential element of the current, r is the vector from dl to P, and r̂ is a unit vector 
in the direction of r. 
 
Figure 4. Diagram of an arbitrary current line segment. 
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This method, however, becomes inherently complicated due to the cross product in the 
integrand.  A more convenient method is to use the magnetic vector potential, A, to calculate the 
magnetic field with [1] 
𝑩 = 𝛁 × 𝑨 = (
𝜕𝐴𝑧
𝜕𝑦
−
𝜕𝐴𝑦
𝜕𝑧
) ?̂? + (
𝜕𝐴𝑥
𝜕𝑧
−
𝜕𝐴𝑧
𝜕𝑥
) ?̂? + (
𝜕𝐴𝑦
𝜕𝑥
−
𝜕𝐴𝑥
𝜕𝑦
) ?̂? (4) 
The magnetic vector potential is given by 
𝑨 = [
𝐴𝑥
𝐴𝑦
𝐴𝑧
] =
𝜇0𝐼
4𝜋
∫
𝑑𝒍
𝑟
 (5) 
Moving towards a generalization to the case of a square Helmholtz coil, consider now a 
current segment parallel to the y-axis which begins at the point 𝒍1 = [−ℎ −𝑎 −𝑎]
𝑇 and ends 
at 𝒍2 = [−ℎ 𝑎 −𝑎]
𝑇.  In this case, the x and z components of the magnetic vector potential of 
Equation (5) are nullified, and the y component becomes 
𝐴𝑦 =
𝜇0𝐼
4𝜋
∫
𝑑𝑦′
√(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2 + (𝑧 − 𝑧′)2 
𝑙2
𝑙1
=
𝜇0𝐼
4𝜋
[ln (
𝑦 + 𝑎 + √(𝑥 + ℎ)2 + (𝑦 + 𝑎)2 + (𝑧 + 𝑎)2 
𝑦 − 𝑎 + √(𝑥 + ℎ)2 + (𝑦 − 𝑎)2 + (𝑧 + 𝑎)2 
)]
=
𝜇0𝐼
4𝜋
[ln (
𝑟1 + 𝑦 + 𝑎
𝑟2 + 𝑦 − 𝑎
)] 
(6) 
The result of Equation (6) can be further generalized to any current segment aligned with 
the x- and z-axes, as will be discussed in the next section. 
2.3 MAGNETIC VECTOR POTENTIAL OF A SQUARE HELMHOLTZ COIL 
Consider a pair of two identical square coils of wire, each with n loops, current I, and side 
length 2a.  They are separated by a distance of 2h along their normal axis and oriented with their 
normal axis parallel to the x-axis and their sides parallel to the y- and z-axes, as shown in Figure 
5.  Let the leftmost coil be designated as Coil 1 and the rightmost coil as Coil 2.  Note that there is 
no current traveling in the x-direction, so the Ax component of Equation (5) is nullified.  With the 
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assumptions made in Section 2.1, the total magnetic vector potential of the two coils can be 
calculated as the sum of the potential of each discrete current line segment forming the sides of 
the coils (i.e. eight line segments with current nI).  
Similar to the method used in [2], one can simplify the equations by designating Ck and Dk 
to represent the y component and z component, respectively, of each rik.  Furthermore, let Ei 
represent the x component of each rik. 
𝐶1 = 𝑦 + 𝑎; 𝐶2 = 𝑦 − 𝑎; 𝐶3 = 𝑦 − 𝑎; 𝐶4 = 𝑦 + 𝑎 
𝐷1 = 𝑧 + 𝑎; 𝐷2 = 𝑧 + 𝑎; 𝐷3 = 𝑧 − 𝑎; 𝐷4 = 𝑧 − 𝑎 
𝐸1 = 𝑥 + ℎ 𝐸2 = 𝑥 − ℎ 
(7) 
As shown in Figure 5, the rik vectors specify the location of P with respect to each corner 
of each coil.  This serves to further simplify the equations and speed up computation.  The 
magnitude of each rik is given in Equation (8). 
𝑟𝑖𝑘 = √𝐸𝑖
2 + 𝐶𝑘
2 + 𝐷𝑘
2; 𝑖 = 1, 2; 𝑘 = 1, 2, 3, 4 (8) 
Note that the magnetic vector potential for the first wire segment of Coil 1, S11, is that given 
by Equation (6), where 𝒓1 = 𝒓11 and 𝒓2 = 𝒓12.  The only other contribution to the y component 
of the magnetic vector potential of Coil 1, Ay1, comes from segment S13, which is given by 
𝐴𝑦13 =
𝜇0𝑛𝐼
4𝜋
[ln (
𝑟13 + 𝑦 − 𝑎
𝑟14 + 𝑦 + 𝑎
)] (9) 
With the notation of Equations (7) and (8), the resulting y-direction potential of Coil 1 is now given 
by 
𝐴𝑦1 = 𝐴𝑦11 + 𝐴𝑦13 =
𝜇0𝑛𝐼
4𝜋
[ln (
𝑟11 + 𝐶1
𝑟12 + 𝐶2
) + ln (
𝑟13 + 𝐶3
𝑟14 + 𝐶4
)]
=
𝜇0𝑛𝐼
4𝜋
[ln (
(𝑟11 + 𝐶1)(𝑟13 + 𝐶3)
(𝑟12 + 𝐶2)(𝑟14 + 𝐶4)
)] 
(10) 
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Figure 5. Diagram of two identical square coils of wire, Coil 1 (left) and Coil 2 (right). Sik 
designates the kth wire segment of the ith coil.  The vectors r2k are not displayed to preserve 
clarity; they span from the corners of Coil 2 to P analogously to the r1k vectors. 
One can see that the y-direction potential of Coil 2 will be identical to that of Coil 1, just 
translated in the x-direction.  It is given by 
𝐴𝑦2 =
𝜇0𝑛𝐼
4𝜋
[ln (
(𝑟21 + 𝐶1)(𝑟23 + 𝐶3)
(𝑟22 + 𝐶2)(𝑟24 + 𝐶4)
)] (11) 
This allows the total y component of the magnetic vector potential generated by a pair of coils to 
be expressed as 
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𝐴𝑦 =
𝜇0𝑛𝐼
4𝜋
[ln (
(𝑟11 + 𝐶1)(𝑟13 + 𝐶3)(𝑟21 + 𝐶1)(𝑟23 + 𝐶3)
(𝑟12 + 𝐶2)(𝑟14 + 𝐶4)(𝑟22 + 𝐶2)(𝑟24 + 𝐶4)
)] (12) 
 Finally, the process of calculating Az is identical to that of Ay, only one must integrate over 
the z-direction segments S12, S14, S22, and S24.  This yields 
𝐴𝑧 =
𝜇0𝑛𝐼
4𝜋
[ln (
(𝑟12 + 𝐷2)(𝑟14 + 𝐷4)(𝑟22 + 𝐷2)(𝑟24 + 𝐷4)
(𝑟13 + 𝐷3)(𝑟11 + 𝐷1)(𝑟23 + 𝐷3)(𝑟21 + 𝐷1)
)] (13) 
2.4 MAGNETIC FIELD OF A SQUARE HELMHOLTZ COIL 
Now that the magnetic vector potential of the pair of square coils shown in Figure 5 has 
been established, the magnetic field may be calculated with Equation (4).  Note that this may be 
simplified since the current geometry dictates that 𝐴𝑥 = 0.  Equation (4) becomes 
𝑩 = (
𝜕𝐴𝑧
𝜕𝑦
−
𝜕𝐴𝑦
𝜕𝑧
) ?̂? −
𝜕𝐴𝑧
𝜕𝑥
?̂? +
𝜕𝐴𝑦
𝜕𝑥
?̂? (14) 
Consider the second term of the x component of B, ∂Ay/∂z.  Note that Ay can be broken up 
into a summation of eight terms, one pertaining to each corner of each coil, using the basic 
properties of the natural logarithm.  Now consider the four terms contributed by Coil 1: 
𝐴𝑦1 =
𝜇0𝑛𝐼
4𝜋
[ln(𝑟11 + 𝐶1) − ln(𝑟12 + 𝐶2) + ln(𝑟13 + 𝐶3) − ln(𝑟14 + 𝐶4)] (15) 
The derivative of the first term in the brackets with respect to z is 
𝜕
𝜕𝑧
[ln(𝑟11 + 𝐶1)] =
𝜕
𝜕𝑧
[ln (√(𝑥 + ℎ)2 + (𝑦 + 𝑎)2 + (𝑧 + 𝑎)2 + 𝑦 + 𝑎)]
=
(𝑧 + 𝑎)
√(𝑥 + ℎ)2 + (𝑦 + 𝑎)2 + (𝑧 + 𝑎)2(√(𝑥 + ℎ)2 + (𝑦 + 𝑎)2 + (𝑧 + 𝑎)2 + 𝑦 + 𝑎)
=
𝐷1
𝑟11(𝑟11 + 𝐶1)
 
(16) 
One might notice that each partial derivative will have this form.  That is, the partial derivative 
with respect to z of the entirety of Equation (15) becomes 
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𝜕𝐴𝑦1
𝜕𝑧
=
𝜇0𝑛𝐼
4𝜋
[
𝐷1
𝑟11(𝑟11 + 𝐶1)
−
𝐷2
𝑟12(𝑟12 + 𝐶2)
+
𝐷3
𝑟13(𝑟13 + 𝐶3)
−
𝐷4
𝑟14(𝑟14 + 𝐶4)
] (17) 
By symmetry, applying the same analysis for Coil 2 yields 
𝜕𝐴𝑦2
𝜕𝑧
=
𝜇0𝑛𝐼
4𝜋
[
𝐷1
𝑟21(𝑟21 + 𝐶1)
−
𝐷2
𝑟22(𝑟22 + 𝐶2)
+
𝐷3
𝑟23(𝑟23 + 𝐶3)
−
𝐷4
𝑟24(𝑟24 + 𝐶4)
] (18) 
Equations (17) and (18) can now be summed to form the total ∂Ay/∂z for both coils; however, it is 
convenient to notice that these equations can be expressed much more concisely in index form 
with two Riemann summations.  The remaining terms of Equation (14) are found in a similar 
fashion, and all four are shown in Equations (19). 
𝜕𝐴𝑦
𝜕𝑧
=
𝜇0𝑛𝐼
4𝜋
∑ ∑
(−1)𝑘−1𝐷𝑘
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐶𝑘)
4
𝑘=1
2
𝑖=1
 
𝜕𝐴𝑧
𝜕𝑦
=
𝜇0𝑛𝐼
4𝜋
∑ ∑
(−1)𝑘𝐶𝑘
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐷𝑘)
4
𝑘=1
2
𝑖=1
 
𝜕𝐴𝑧
𝜕𝑥
=
𝜇0𝑛𝐼
4𝜋
∑ ∑
(−1)𝑘𝐸𝑖
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐷𝑘)
4
𝑘=1
2
𝑖=1
 
𝜕𝐴𝑦
𝜕𝑥
=
𝜇0𝑛𝐼
4𝜋
∑ ∑
(−1)𝑘−1𝐸𝑖
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐶𝑘)
4
𝑘=1
2
𝑖=1
 
(19) 
Finally, accounting for the negative terms present in Equation (14), one can obtain the final 
expression for the components of B: 
𝐵𝑥 =
𝜇0𝑛𝐼
4𝜋
∑ ∑(−1)𝑘 [
𝐶𝑘
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐷𝑘)
+
𝐷𝑘
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐶𝑘)
]
4
𝑘=1
2
𝑖=1
 (20) 
𝐵𝑦 =
𝜇0𝑛𝐼
4𝜋
∑ ∑(−1)𝑘−1 [
𝐸𝑖
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐷𝑘)
]
4
𝑘=1
2
𝑖=1
 (21) 
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𝐵𝑧 =
𝜇0𝑛𝐼
4𝜋
∑ ∑(−1)𝑘−1 [
𝐸𝑖
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐶𝑘)
]
4
𝑘=1
2
𝑖=1
 (22) 
2.5 MAGNETIC FIELD OF A TRIAXIAL SQUARE HELMHOLTZ COIL 
The expression just obtained defines the magnetic field produced for a single square 
Helmholtz coil oriented along the x-axis, as shown in Figure 5.  To calculate the total magnetic 
field produced by a triaxial square Helmholtz coil, one must develop magnetic field expressions 
for the other two pairs of coils.  This is most easily done, from a programming standpoint, by 
creating a set of generic expressions in the arbitrary, mutually orthogonal coordinates, {u, v, w}.  
The u coordinate will designate the primary (normal) axis of the coil.  The v and w coordinates 
will arbitrarily designate the other two axes perpendicular to u (note the similarity of Equations 
(21) and (22)). 
First, one redefines the Ck, Dk, and Ei of Equation (7) as 
𝐶1 = 𝑣 + 𝑎; 𝐶2 = 𝑣 − 𝑎; 𝐶3 = 𝑣 − 𝑎; 𝐶4 = 𝑣 + 𝑎 
𝐷1 = 𝑤 + 𝑎; 𝐷2 = 𝑤 + 𝑎; 𝐷3 = 𝑤 − 𝑎; 𝐷4 = 𝑤 − 𝑎 
𝐸1 = 𝑢 + ℎ 𝐸2 = 𝑢 − ℎ 
(23) 
The rik are only implicitly changed, so their form in Equation (8) is still valid with the new 
definitions for Ck, Dk, and Ei.  Now define Bu, Bv, and Bw as functions of u, v, w, I, n, a, and h: 
𝐵𝑢(𝑢, 𝑣, 𝑤, 𝐼, 𝑛, 𝑎, ℎ) =
𝜇0𝑛𝐼
4𝜋
∑ ∑(−1)𝑘 [
𝐶𝑘
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐷𝑘)
+
𝐷𝑘
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐶𝑘)
]
4
𝑘=1
2
𝑖=1
 (24) 
𝐵𝑣(𝑢, 𝑣, 𝑤, 𝐼, 𝑛, 𝑎, ℎ) =
𝜇0𝑛𝐼
4𝜋
∑ ∑(−1)𝑘−1 [
𝐸𝑖
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐷𝑘)
]
4
𝑘=1
2
𝑖=1
 (25) 
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𝐵𝑤(𝑢, 𝑣, 𝑤, 𝐼, 𝑛, 𝑎, ℎ) =
𝜇0𝑛𝐼
4𝜋
∑ ∑(−1)𝑘−1 [
𝐸𝑖
𝑟𝑖𝑘(𝑟𝑖𝑘 + 𝐶𝑘)
]
4
𝑘=1
2
𝑖=1
 (26) 
From here, an expression for the magnetic field produced by each Helmholtz coil that 
makes up the triaxial Helmholtz coil can be determined by essentially “rotating” the generic 
equations to each primary axis.  First, however, some nomenclature will be established.  The 
Helmholtz coil, i.e. pair of coils, with its primary axis in the x-direction shall henceforth be 
designated as Coil 1 (not to be confused with the single coil referred to as Coil 1 in Section 2.3).  
Similarly, the Helmholtz coils with their primary axes in the y- and z-directions shall henceforth 
be designated as Coil 2 and Coil 3, respectively.  Throughout this document, the color convention 
associated with the x-, y-, and z-direction is red, green, and blue, respectively.  This color 
convention and the name of each coil are shown in Figure 6. 
 
Figure 6. The naming and color convention for the HC3. 
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Now, the magnetic field produced by Coil 1, Coil 2, and Coil 3, is given by B1, B2, and B3, 
respectively, as follows: 
𝑩1(𝑥, 𝑦, 𝑧, 𝐼1) = [
𝐵𝑢(𝑥, 𝑦, 𝑧, 𝐼1, 𝑛1, 𝑎1, ℎ1)
𝐵𝑣(𝑥, 𝑦, 𝑧, 𝐼1, 𝑛1, 𝑎1, ℎ1)
𝐵𝑤(𝑥, 𝑦, 𝑧, 𝐼1, 𝑛1, 𝑎1, ℎ1)
] (27) 
𝑩2(𝑥, 𝑦, 𝑧, 𝐼2) = [
𝐵𝑣(𝑦, 𝑥, 𝑧, 𝐼2, 𝑛2, 𝑎2, ℎ2)
𝐵𝑢(𝑦, 𝑥, 𝑧, 𝐼2, 𝑛2, 𝑎2, ℎ2)
𝐵𝑤(𝑦, 𝑥, 𝑧, 𝐼2, 𝑛2, 𝑎2, ℎ2)
] (28) 
𝑩𝟑(𝑥, 𝑦, 𝑧, 𝐼3) = [
𝐵𝑤(𝑧, 𝑦, 𝑥, 𝐼3, 𝑛3, 𝑎3, ℎ3)
𝐵𝑣(𝑧, 𝑦, 𝑥, 𝐼3, 𝑛3, 𝑎3, ℎ3)
𝐵𝑢(𝑧, 𝑦, 𝑥, 𝐼3, 𝑛3, 𝑎3, ℎ3)
] (29) 
where Ij is the current in Coil j, nj is the number of wire wraps on each coil of Coil j, aj is half the 
diameter of Coil j, and hj is half the distance between the coils of Coil j.  Be sure to carefully note 
the subscripts and order of variables.  
Finally, the total magnetic field, created by a triaxial square Helmholtz coil is obtained by 
a simple summation of Equations (27), (28), and (29): 
𝑩(𝑥, 𝑦, 𝑧, 𝐼1, 𝐼2, 𝐼3) = 𝑩1(𝑥, 𝑦, 𝑧, 𝐼1) + 𝑩2(𝑥, 𝑦, 𝑧, 𝐼2) + 𝑩𝟑(𝑥, 𝑦, 𝑧, 𝐼3) (30) 
Equation (30) can be used to calculate the magnetic field vector at any point in or near the HC3.  
Figure 7 illustrates a normalized partial magnetic vector field produced by the HC3, as given by 
Equation (30), displayed along with the HC3 and a 3U CubeSat for reference. 
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Figure 7. A partial magnetic vector field produced by the HC3 for currents I1 = 1 A, I2 = 0 
A, and I3 = -1 A.  The vectors have been normalized.  Cyan arrows represent the ideal 
uniform magnetic field direction. 
2.6 SQUARE HELMHOLTZ COIL SEPARATION DISTANCE 
With the equations for the magnetic field of a square Helmholtz coil established, the 
optimal coil separation distance, 2h, must be calculated.  To be considered a Helmholtz coil, a pair 
of coils must satisfy the following condition at its geometric center [3]: 
𝜕2𝐵𝑢
𝜕𝑢2
= 0 (31) 
Thus it is desired to find the coil separation ratio, h/a, that satisfies this condition.  To simplify the 
problem, a single coil, rather than a pair, will be analyzed.  This method is validated by the fact 
that Bu is an even function of u, therefore its second derivative with respect to u is even as well, so 
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the contribution to ∂2Bu/∂u2 from each coil must be equal (and identically zero) at their geometric 
midpoint to satisfy the condition of Equation (31).   
Equation (24) will now be simplified by stripping off the constant multipliers, eliminating 
the summation over i (i.e. setting 𝑖 = 1), and setting 𝑣 = 𝑤 = 0.  This new equation, bu, is written 
out as follows: 
𝑏𝑢 =
4𝑎
√2𝑎2 + (ℎ + 𝑢)2 (√2𝑎2 + (ℎ + 𝑢)2 − 𝑎)
−
4𝑎
√2𝑎2 + (ℎ + 𝑢)2 (√2𝑎2 + (ℎ + 𝑢)2 + 𝑎)
=
8𝑎2
(𝑎2 + (ℎ + 𝑢)2)√2𝑎2 + (ℎ + 𝑢)2
 
(32) 
The first derivative with respect to u of Equation (32) condenses to 
𝜕𝑏𝑢
𝜕𝑢
= −
8𝑎2(ℎ + 𝑢)(5𝑎2 + 3(ℎ + 𝑢)2)
(𝑎2 + (ℎ + 𝑢)2)2(2𝑎2 + (ℎ + 𝑢)2)
3
2
 (33) 
Now taking the second derivative and setting 𝑢 = 0 yields 
𝜕2𝑏𝑢
𝜕𝑢2
|
𝑢=0
=
(16𝑎2(6ℎ6 + 18𝑎2ℎ4 + 11𝑎4ℎ2 − 5𝑎6))
(𝑎2 + ℎ2)3(2𝑎2 + ℎ2)
5
2
 (34) 
The equation one must solve to find the coil separation ratio is then 
6ℎ6 + 18𝑎2ℎ4 + 11𝑎4ℎ2 − 5𝑎6 = 0 (35) 
Dividing through by a6 gives 
6 (
ℎ
𝑎
)
6
+ 18 (
ℎ
𝑎
)
4
+ 11 (
ℎ
𝑎
)
2
− 5 = 0 (36) 
Equation (36) has six solutions but only one is positive and real, and it is 
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ℎ
𝑎
≅ 0.544506 (37) 
This is the coil separation ratio for a square Helmholtz coil.  Note that this is slightly greater than 
the well-known solution for circular coils, h/a = ½. 
While Equation (37) defines the coil separation for a square Helmholtz coil, slightly 
varying the separation can produce more desirable results in certain situations.  For the purposes 
of CubeSim, the HC3 will primarily be used for satellite attitude simulation, in which case the 
satellite being tested will generally normalize the magnetic field vector measured by its 
magnetometers.  Therefore, it is more desirable to obtain the largest volume of uniformity in the 
magnetic field direction (rather than uniformity in general). 
For the purposes of this discussion, Coil 1, corresponding to Equation (27), will be 
analyzed, and the multipliers, I1 and n1, will assume a unit value.  The coil radius will be set as a1 
= 0.6 m.  This corresponds with the actual Coil 1 radius of the HC3, which will be discussed later.  
Now, the volume of uniform magnetic field within Coil 1 was defined by the half side length 
(radius), λ, of the surface of a cube over which the average vector error (percent) in magnetic field 
is less than 2%.  This cube is illustrated in Figure 8.  The vector error for Coil j is calculated with 
respect to the nominal magnetic field at the origin and is defined as 
𝐸𝑟𝑣 =
|𝑩𝑗(0,0,0,1) − 𝑩𝑗(𝑥, 𝑦, 𝑧, 1)|
|𝑩𝑗(0,0,0,1)|
× 100 (38) 
In this case, j = 1.  Vector error accounts for error in both magnitude and direction.  To quantify 
the desired pure directional error, it is useful to also analyze the angular error, defined as the angle 
between the two vectors: 
𝐸𝑟𝑎 = cos
−1 (
𝑩𝑗(0,0,0,1) ∙ 𝑩𝒋(𝑥, 𝑦, 𝑧, 1)
|𝑩𝑗(0,0,0,1)||𝑩𝑗(𝑥, 𝑦, 𝑧, 1)|
) ×
180
𝜋
 (39) 
A 2% vector error corresponds with an angular error of approximately 1.15°.  The angular error 
determines the directional uniformity of the magnetic field, so it will be weighted more heavily 
when establishing the coil separation distance. 
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By symmetry, one can see that the error calculated at a point in one octant will be identical 
to the error calculated at the analogous point in any other octant (e.g. at the corners of a cube 
centered at the origin).  As such, the value for λ will be established by analyzing points in the first 
octant only (i.e. x ≥ 0, y ≥ 0, and z ≥ 0).  The average angular error and average vector error for 
each value of λ were approximated by analyzing data at 91 points on the surface of the 
aforementioned cubic volume.  Figure 8 shows the normalized, dimensionless locations of these 
points.  Analyzing a finer grid of points increased computation time and did not significantly alter 
the results.  These points were simply scaled by λ to vary the side length of the cube. 
 
Figure 8. Points in the first octant at which the error of Coil 1 was analyzed for λ = 1.  
The average vector error at each of these points with varying values of h/a and λ is plotted 
in Figure 9.  Points lying within the darkened region satisfy the specified 2% error tolerance.  This 
plot confirms that the smallest average vector error occurs when the coil separation ratio h/a is 
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roughly the predicted value of 0.5445.  Modifying this value in either direction will tend to increase 
the vector error.  
 
Figure 9. A 3D plot of the vector error of a square Helmholtz coil.  The darkened region 
contains the points that satisfy a 2% error tolerance. 
Figure 10 shows a similar plot of the average angular error.  Points within the darkened 
region represent angular error less than 1.15°.  Note that a slightly larger coil separation ratio 
results in decreased angular error further from the origin.  Since it is desirable to maintain more 
directional uniformity, while not deviating too far from the ideal Helmholtz coil separation, a coil 
separation ratio of h/a = 0.55 was used in the construction of the HC3. 
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Figure 10. A 3D plot of the angular error of a square Helmholtz coil plotted against λ and 
the coil separation ratio h/a.  The darkened region contains the points that satisfy a 1.15° 
error tolerance. 
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3. HC3 DESIGN 
Once the theoretical behavior of a triaxial square Helmholtz coil was established, the HC3 
design process began.  With the coil separation ratio determined, only two parameters were left to 
be decided:  the coil diameter (i.e. side length), L = 2a, and the number of loops of wire on each 
coil, n.  The former mainly affects the magnetic field strength and volume of uniformity, while the 
latter mainly affects only the magnetic field strength. 
The HC3 was first constructed in the spring of 2012 but was disassembled and rebuilt 62% 
larger in the fall of 2013.  This rebuilding created a larger working volume, which will 
accommodate larger satellites.  The design of each version is nearly identical, so the newest 
revision will be the focus of discussion.  A picture of the HC3 is shown in Figure 11. 
 
Figure 11. The HC3. 
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3.1 REQUIREMENTS 
The following explicit requirements were specified for the design of the HC3: 
1. The HC3 shall be capable of generating a magnetic field with a magnitude of at least 
1.0 G in any direction at its center. 
2. The magnetic field generated by the HC3 shall have a vector error and angular error, 
as defined by Equations (38) and (39), of no more than 2% and 1.15°, respectively, 
within a cubic volume with a side length of 40 cm centered at the origin. 
3. The HC3 shall be rapidly controllable through an automated computer interface. 
4. All materials used in the construction of the HC3 must have a relative permeability, 
μ/μ0, close to unity and less than that of 6061 aluminum alloy. 
Requirement 1 arises from the need to nullify the local magnetic field within the HC3 and 
simultaneously create a magnetic field that a satellite would experience in low Earth orbit (LEO).  
Since the Earth’s magnetic field in both Urbana, Illinois and in LEO will usually have a magnitude 
much less than 0.5 G, in the most extreme case when the desired magnetic field and the ambient 
local magnetic field are antiparallel, the HC3 could still perform the desired task.  Requirement 2 
comes from the need to accommodate a 6U CubeSat with some margin for error, as well as the 
desire to accommodate other small satellites, including larger CubeSat form factors that may arise 
in the near future.  Requirement 3 enables the HC3 to create a dynamic magnetic field 
corresponding with what a satellite would experience in LEO.  Requirement 4 ensures that any 
perturbing effects from magnetic or ferrous materials are minimized and that assumption 5 of 
Section 2.1 remains valid. 
3.2 MATERIALS 
In order to constrain wire around a large square structure, the coils needed to be wrapped 
onto rails with a U-shaped profile.  Aluminum U-channel was deemed to be the only off-the-shelf 
material that would be suitable for the construction of the coils, as plastics were considered too 
weak, steel has a relatively high permeability, and other options, such as brass, were much more 
expensive relative to aluminum.  In fact, due to its availability, relatively high strength, low cost, 
and low permeability, aluminum was the ideal choice for most parts on the HC3.  All corner 
gussets, brackets, nuts, bolts, and washers on the HC3 are either aluminum or brass.  There are no 
ferrous or magnetic materials whatsoever on the HC3.  
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3.3 COIL DIAMETER 
  Assuming a fixed coil separation ratio, one can see from Equations (24) to (26) that the 
magnetic field direction at a point within a square Helmholtz coil is entirely determined by the coil 
diameter (i.e. the coil side length, L).  The other two parameters, current and number of wire loops, 
only serve to modify the field magnitude.  Therefore, to create the largest volume of uniform 
magnetic field, the coils must be made as large as possible. 
The original HC3 design had the requirement of being portable (i.e. it had to be small 
enough to fit through the door of the lab in which it was constructed).  For this reason, its largest 
coil was only 74 cm in diameter.  This requirement, however, was dropped, as all of the HC3’s 
coils can be detached in the rare event that it needs to be transported.  Hence, when the newest 
revision was designed, the goal was simply to make the coils as large as possible without 
obstructing access to the lab’s other facilities.  However, the biggest constraint was cost, as larger 
coils require more material.   
What ultimately determined the diameter of the second revision coils was the available 
length of aluminum U-channel, which is generally sold in 8’ pieces.  This meant that either the 
coils could have a diameter of roughly 4’ and twelve 8’ pieces of U-channel would be required for 
the 24 rails forming the coil support structures, or the coils could have a diameter greater than 4’ 
and twenty-four 8’ pieces would be required, doubling the price.  Due to budget restrictions, the 
former option was chosen and the maximum coil diameter was set to 120 cm, just under 4’. 
In order for the three pairs of coils to fit together, there must be a small, medium, and large 
pair such that the outer diameter of small pair is smaller than the inner diameter of the medium 
pair and the outer diameter of the medium pair is smaller than the inner diameter of the large pair.  
With the chosen aluminum U-channel, progressively decreasing the diameter by 4 cm from the 
large pair to the small pair allows the coils to nest inside one another, with approximately 1.5 mm 
of clearance on either side.  Varying the coil radius, a, by an integer value of 4 cm in this case also 
adds a convenience when selecting the number of wire loops, which will be discussed in the next 
section.  Thus the large, medium, and small coils were given a diameter of 120 cm, 116 cm, and 
112 cm, respectively, which correspond to Coil 1, Coil 2, and Coil 3, respectively.   
The coil sizes were assigned this way for two reasons, the first of which was to give the 
HC3 the largest footprint, as it will be supported on Coils 1 and 2.  This feature gives the HC3 the 
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most mechanical stability.  The second reason was to give Coil 3 the smallest diameter, and hence, 
the smallest resistance, which means the power supply controlling it can drive it to a higher current 
than the other coils if needed.  The ability to sustain a higher current is desirable because the largest 
component of the local magnetic field at the HC3’s location is directed towards the Earth (in the 
negative z-direction), and this component must be nullified with an equal and opposite magnetic 
field during tests.     
3.4 NUMBER OF WIRE LOOPS 
Since the magnetic field strength is inversely proportional to the distance from the current 
elements (i.e. the coil radius a), as is most apparent from the Biot-Savart law of Equation (3), one 
must proportionally increase either the current or the number of wire loops (or both) to maintain 
the desired field strength.  Increasing the current requires a more powerful power supply and 
larger-gauge wire, both of which can be very cost restrictive.  However, increasing the number of 
wire loops obviously increases the length of wire needed.  The length of wire for a single coil is 
roughly 4nL, or 8na, and since n would have to increase proportionally to a, the wire length 
increases proportionally to a2.  Even with a quadratic increase in wire length, the inherent difficulty 
and cost associated with obtaining a power supply capable of delivering more current made the 
option of increasing the number of wire loops the more feasible choice. 
A desirable convenience is to maintain the same n/a ratio for each coil, which dictates that 
they will each produce the same magnetic field magnitude at the origin when the same current is 
applied to them.  Since n can only assume integer values, and with the coil diameters set 120 cm, 
116 cm, and 112 cm, only three reasonable options that maintain the same n/a ratio for all three 
coil pairs were considered.  They are given in Table 1. 
As per Requirement 1 of Section 3.1, the required current for each n/a ratio displayed in 
Table 1 was determined by solving Equation (27) for I1 when 𝑩1(0,0,0, 𝐼1) = [1 0 0]
𝑇  G.  
Note that solving for the current using Coil 2 or Coil 3 would yield the same result due to the 
convenient n/a ratio.  The total wire length, L, was calculated as 
𝐿 = 1.05 × 8𝑛(𝐿1 + 𝐿2 + 𝐿3) (40) 
where L1, L2, and L3 represent the diameters of Coils1, 2, and 3, respectively.  Here, a 5% increase 
was added to the length of wire needed for each coil to account for imperfections in the wire 
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wrapping.  The Coil 1 resistance was used for a worst-case calculation of the required voltage and 
power, since it has the greatest wire length, and hence, resistance.  This was calculated using the 
resistivity of 21 AWG Essex magnet wire, which was given as 40.38 Ω/km [4].  This wire was 
deemed the most suitable option for the range of currents required, as it can safely handle 1.2 A 
[5].  From here, the maximum voltage and power requirements for Coil 1 were calculated with 
𝑉 = 𝐼𝑅 and 𝑃 = 𝐼2𝑅, respectively. 
Table 1. Possible n/a ratios. 
n/a 1 ¾  ½  
n1 120 90 60 
n2 116 87 58 
n3 112 84 56 
Required Current (A) 0.6176 0.8235 1.235 
Total Wire Length (m) 3,341 2,506 1,670 
Coil 1 Wire Length (m) 1,210 907.2 604.8 
Coil 1 Resistance (Ω) 46.52 34.89 23.26 
Coil 1 Voltage (V) 30.17 30.17 30.17 
Coil 1 Power (W) 18.63 24.84 37.26 
Using a greater number of wire loops with a lower current was desired to help mitigate 
perturbing effects from imperfections in wrapping and from the wires running to, from, and 
between the coils.  However, due to the extra labor and cost involved in using a greater number of 
wire loops, a ratio of n/a = 1 was avoided.  Furthermore, the complications involved in developing 
a power supply to handle the higher current needed when few wire loops are used made n/a = ½ 
an undesirable option as well.  Therefore, the middle value of n/a = ¾ was used for the HC3, so 
Coil 1, Coil 2, and Coil 3 were given 90, 87, and 84 wire loops, respectively.  Note that the 
thickness of the wrapped wire was accounted for in the design such that the nominal diameter of 
each coil is the average of the wrapped wire’s inner and outer diameters. 
3.5 MAGNETIC FIELD CHARACTERIZATION 
With all the parameters governing the behavior of the HC3 determined, a final analysis of 
the generated magnetic field was conducted.  Since a larger coil diameter directly translates to a 
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larger volume of magnetic field uniformity, the most error will come from the coil with the smallest 
diameter.  As such, Coil 3, with a diameter of 112 cm, was chosen as the subject of this analysis 
to give a worst-case estimate of the magnetic field error.  Figure 12 displays the planar regions that 
were analyzed. 
 
Figure 12. Regions analyzed in the xz plane for y = 0 cm, 10 cm, 15 cm, and 20 cm. 
Figure 13 shows the percent vector error of Coil 3, as defined by Equation (38), plotted 
versus x and z for varying values of y.  By symmetry, plotting this versus y and z for varying values 
of x would produce the same results.  Note that the 2% error tolerance of Requirement 2 is violated 
towards the edges and corners of the 40 cm cubic boundary.  This performance was deemed 
acceptable since it represents the worst-case error and a 6U CubeSat will fit entirely within the 
depicted yellow regions which do satisfy the error requirement. 
Figure 14 shows similar plots representing the angular error of Coil 3, as defined by 
Equation (39).  Note that no magenta regions are present, indicating that the 1.15° angular error 
tolerance of Requirement 2 is satisfied.  In fact, the angular error is less than 1.15° in a region 
much larger than required, as shown by the cyan regions.  As previously stated, for the purposes 
of attitude simulation, it is more important to minimize the angular error within the HC3 than it is 
to minimize the vector error; so the plots of Figure 14 indicate very favorable results.  For 
reference, Figure 15 shows additional angular error plots for larger values of y.  All points are 
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outside of the 40 cm cubic boundary, so no yellow or magenta regions are displayed.  Note that 
the greatest angular error does not occur near the corners of the boundary as with the vector error.  
Rather, it is greatest near z ≈ ±15 cm. 
 
Figure 13. Coil 3 vector error plotted against x and z for y = 0 cm, 10 cm, 15 cm, and 20 cm. 
A cubic volume with a side length of 40 cm defines the region in which the error should be 
less than 2% (Requirement 2).  Points in yellow meet the error requirement.  Points in cyan 
exceed the error requirement (lying outside the required volume).  Points in magenta do 
not meet the error requirement.   All other points are gray.2 
                                                 
2 If viewed in black and white, the referenced yellow, gray, cyan, and magenta regions will appear, in this order, as 
progressively darker shades of gray. 
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Figure 14. Coil 3 angular error plotted against x and z for y = 0 cm, 10 cm, 15 cm, and 20 
cm. A cubic volume with a side length of 40 cm defines the region in which the error should 
be less than 1.15° (Requirement 2). Points in yellow meet the error requirement.  Points in 
cyan exceed the error requirement (lying outside the required volume).  Points in magenta 
(none present) do not meet the error requirement.  All other points are gray. 
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Figure 15. Additional angular error plots for Coil 3, with y = 25 cm and 30 cm.  
3.6 DESIGN DETAILS 
The HC3 was designed, machined, and constructed precisely to ensure that its performance 
reflects that which is predicted by the theory as closely as possible.  The following sections will 
discuss some of the finer details behind the HC3’s design. 
3.6.1 Coil Assembly 
Each coil was constructed from four pieces of 1/8” thick, ¾” x ¾” aluminum U-channel.  
The four pieces are assembled together using eight of the custom corner gussets shown in Figure 
16, which were machined from 1/8” aluminum sheet.  Thirty-two aluminum UNC 8-32 bolts hold 
each coil together.  Before tightening down the bolts, each coil was adjusted to ensure that each 
corner was perfectly square. 
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Figure 16. A corner gusset used to assemble the four supporting rails of a coil. 
3.6.2 Wire Wrapping and Insulation 
In order to prevent any cutting or scraping of the wire at the corners of the coil due to the 
aluminum edges, a small amount of thermoplastic polymer was heated and formed around the 
corners of each coil.  Upon cooling, it hardened into a smooth, round surface for the wire to rest 
on.  To ensure that the coiled wire did not inadvertently become shorted with the aluminum rails 
at any other point, insulation in the form of 2” wide, color-coded PVC electrical tape was applied 
to the inside walls of each coil.  To get the tape to form to the walls without creating fillets at the 
corners, the adhesive side of the tape was coated with ethyl alcohol before it was applied, which 
temporarily removed the adhesive properties of the tape.  The tape was then pressed into the 
channels and forced flat against the walls.  After a short period of time, the alcohol evaporated, 
allowing the tape to adhere nicely to the aluminum.  This can be seen in Figure 17. 
Wire was then wrapped very precisely around each coil.  Each new turn of wire was placed 
adjacent and parallel to the previous loop, straightened, and pulled tight to create the nice uniform 
arrangement shown in Figure 17.  This served to minimize error and further validate the 
assumptions made in Section 2.1.  The wires running to and from each coil are fed through access 
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holes in the inside corner of the coil and twisted together to mitigate unwanted magnetic fields.  
This is shown in Figure 18. 
 
Figure 17. The insulation and precise wire wrapping on the HC3’s coils. 
 
Figure 18. Wire access points. 
3.6.3 HC3 Assembly 
Custom brackets machined from 1/8” thick, 1-¾” x 1-¾” aluminum L-channel were used 
to assemble the six coils together and form the HC3.  Two of these brackets, shown in Figure 19, 
are located at each of the eight intersections of Coil 1 and Coil 2, as well as at the eight intersections 
of Coil 2 and Coil 3.  The HC3’s test stand/support structure is attached at the inside corners of the 
Coil 1-Coil 2 intersections, also shown in Figure 19. 
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Figure 19. Coil and test stand interconnect points for Coil 1 and Coil 2. 
 
3.6.4 Test Stand 
A test stand, visible in Figure 11, was recently integrated into the HC3, which doubles as 
a non-magnetic supporting structure to lift the HC3 off of the floor and away from potential 
magnetic interference.  The stand features a large PVC platform, reinforced with T-slotted 
aluminum extrusions, upon which a payload of up to 24 kg can rest.  It can be repositioned 
vertically along slotted rails to any point within the HC3 and secured in place with four cam-action 
clamps, as seen in Figure 20.  Metric scales on the vertical rails allow for accurate positioning.  
Additionally, the test stand can rest on four brackets for extra security when testing large or 
sensitive payloads, as seen in Figure 21.  These brackets can be attached to the inside corners of 
the supporting rails at various heights, which correspond to a centering position within the HC3 
for 1U, 1.5U, 2U, 3U, and 6U CubeSats, as well as a “zero” position. 
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Figure 20. Cam-action clamp system allowing for continuous vertical adjustment of the test 
stand. 
 
Figure 21. Attachable brackets to precisely and securely center CubeSats in the HC3. 
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3.7 POWER SUPPLIES (PRESENT) 
The HC3 is powered by three separate HP 6632A laboratory power supplies, one for each 
pair of coils.  These power supplies are limited to a voltage range of 0-20 V, a current range of 0-
5 A, and a maximum power output of 100 W.  Note that the voltage range makes them incapable 
of satisfying the power requirements specified in Table 1.  They are also incapable of producing 
bidirectional current, restricting the HC3 to produce strictly positive magnetic fields unless the 
wire leads are manually switched or an external relay is implemented.  Finally, when they operate 
in “constant current mode” (i.e. when the voltage is set higher than needed and the current is 
regulated by the power supply to match the commanded value), they must always output a current 
of at least 20 mA, making smaller magnetic fields difficult to achieve.  The HP 6632A power 
supplies are clearly not ideal for the HC3, but, due to budget restrictions, they will be used until a 
more robust power supply is developed, which will be discussed in the next section. 
Despite their setbacks, the HP 6632A power supplies behave as expected within their 
operating range.  They are controlled over a GPIB interface by a nearby PC running LabVIEW, 
which is used to send the commands.  These power supplies can react to new current commands 
at a rate of up to 16 Hz in their normal operating mode or at a rate of up to 66 Hz in a noisier “fast” 
mode, in which their internal output capacitor is disabled.  While 16 Hz is more than adequate for 
the present application of CubeSim, the fast mode actually exhibits better performance in the case 
of large inductive loads (e.g. a large Helmholtz coil), so it is used for CubeSim. 
3.8 POWER SUPPLY (FUTURE) 
A custom, programmable power supply has been designed for the HC3 by a third party at 
the University of Illinois and is in the final stages of development.  While very nearly complete, 
this power supply, shown in Figure 22, still required some minor modification and programming 
to become fully functional at the time this document was written.  When complete, this unit will 
simultaneously supply all three coils with bidirectional current in the range of ±1 A on three 
separate channels corresponding with commands sent over a USB interface.  It solves all of the 
noted problems with the HP power supplies and will have greater current stability (less noise), as 
well as the capability for more rapid current updates.   
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Figure 22. The HC3’s new 3-channel power supply. 
3.9 MAGNETOMETER (PRESENT) 
A Honeywell HMC6343 magnetometer was used to run tests of the HC3 and CubeSim.  
The HMC6343 was the original magnetometer to be used on IlliniSat-2, but, due to its sensitivity 
to temperature and large magnetic fields, it was replaced with a Honeywell HMC1053, which will 
be discussed in the next section.  Like the HP 6632A power supplies, the HMC6343 was also less 
than ideal for the application, but budget restrictions prevented the purchase of a more suitable 
magnetometer in time for the writing of this document.   
The HMC6343 is marketed as a 3-axis digital compass, rather than a magnetometer; so its 
magnetometer output is not given in any standard units (and Honeywell does not provide a 
definitive conversion factor).  That is, the magnetometer output only gives the field direction until 
the user determines a scaling factor to convert the arbitrary units of the vector into something more 
useful, such as gauss.  The scaling factor was found through the use of a laboratory-grade 
Helmholtz coil from the University of Illinois’s Physics department.  The magnetometer’s x-axis 
was carefully aligned in the center of the Helmholtz coil and a 1 G magnetic field was generated.  
Accounting for the ambient magnetic field and assuming this Helmholtz coil to produce a “true” 
1 G field, the conversion factor for the x-axis was determined.  The same process was repeated for 
the magnetometer’s y- and z-axes.  
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Figure 23. The Honeywell HMC6343 magnetometer testing module. 
3.10 MAGNETOMETER (FUTURE) 
Ten new Honeywell HMC1053 magnetometer boards for IlliniSat-2 were designed and 
fabricated in the spring 2014 semester; however, in a similar situation to the aforementioned power 
supply, the boards did not arrive in time to perform laboratory testing and be included in this 
document.  A testing module is needed to provide an interface between the magnetometer and a 
laboratory PC, as the HMC1053 boards were designed to go directly on an IlliniSat-2 bus.  Once 
completed, the HMC1053 will provide more accurate and reliable measurements of the magnetic 
field within the HC3.  
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4. CUBESIM 
What makes CubeSim truly unique is its ability to not only subject an assembled satellite 
to the magnetic field it would experience while in orbit but also to receive control feedback from 
the satellite and make attitude and angular velocity adjustments to the simulation in real-time.  This 
section will detail the software developed for CubeSim (the upper three blocks of Figure 24) as 
well as some preliminary simulation results. 
 
Figure 24. CubeSim Flow Diagram. 
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4.1 LABVIEW 
CubeSim was designed to be operated entirely through LabVIEW, as it provides the most 
convenient link between all the various hardware and software components of CubeSim.  
LabVIEW programs, known as “Virtual Instruments” (VIs), have the added benefit of 
automatically creating graphical user interfaces which will make CubeSim easier for others to use.  
The LabVIEW portion of CubeSim can be broken up into four main categories:  magnetometer 
communication, power supply communication, STK interface, and attitude simulation.  Each will 
be discussed in the following sections. 
4.1.1 Magnetometer Communication 
Several VIs were developed to make sending commands to and retrieving data from the 
HMC6343 magnetometer fast and straightforward.  The magnetometer is directly connected to one 
of the computer’s USB ports.  First, a VI configures the USB port settings to correspond with those 
of the magnetometer and establishes a connection.  Another VI can be used to set the duty cycle 
(update frequency) of the magnetometer, which is generally set to its maximum, 10 Hz.  Lastly, a 
VI requests magnetic field data in the form of a string from the HMC6343, parses the data, and 
converts the units to gauss, as discussed in Section 3.9.  In future iterations of CubeSim, data will 
be received directly from an assembled satellite, rather than a standalone magnetometer. 
4.1.2 Power Supply Communication 
LabVIEW communicates with the HP 6632A power supplies indirectly through a Prologix 
GPIB-USB adapter, as it was more economical to purchase an adapter than a GPIB card for the 
PC running CubeSim.  Rather than sending commands directly to the power supplies, they are 
instead addressed to the GPIB adapter using its command protocol, which, in turn, forwards the 
command to the appropriate power supply.  To speed the communications, both the adapter and 
the power supplies are configured not to send any response or acknowledgement to commands.  
LabVIEW can set the voltage and current of each power supply, as well as turn their output 
on or off.  Generally, the voltage is set to a maximum and the power supplies are run in constant 
current mode.  As noted earlier, however, these power supplies will always output at least 20 mA 
in this mode, even if commanded to produce 0 A.  To enable currents less than 20 mA to be set, 
LabVIEW intelligently sets the power supplies to constant current mode (if I ≥ 20 mA) or constant 
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voltage mode (if I < 20 mA).  In constant voltage mode, the current output is regulated by the 
voltage commanded by LabVIEW, rather than a direct current command, which can force the 
current to values less than 20 mA at the expense of accuracy.  With the resistance of each coil 
hardcoded into LabVIEW, the VI will, in this case, solve for the voltage needed to produce the 
desired current using Ohm’s law (𝑉 = 𝐼𝑅) and set the power supply accordingly.  This is less ideal 
than constant current mode, as the power supply does not actively regulate the output to the desired 
current and the coil resistances must be known precisely, but it does improve results at currents 
close to zero amps.  
Additionally, to reduce noise while operating the power supplies in their “fast” mode, a VI 
disables each supply’s front display before each simulation.  This prevents the internal analog-to-
digital converter from metering current and voltage, which would otherwise contribute substantial 
noise to the output when in fast mode. 
4.1.3 STK Interface 
The interface developed between STK and LabVIEW allows CubeSim to assume full 
control over nearly all aspects of STK directly from LabVIEW by using the STK Connect module 
and its large collection of commands.  This interface is unique to CubeSim and was made possible 
through the creation of a C++ script which establishes the base-level STK Connect functions 
shown in Table 2.  These functions were saved as a dynamic link library, which could then be 
imported directly into LabVIEW.  “Wrapper VIs” were then created around each of these functions 
so that they could be used like any other VI.  Table 2 gives a description of the base-level STK 
Connect functions and their associated VIs.   
With the low-level interface established, a library of VIs corresponding to commands from 
the STK Connect library was created to give CubeSim a broad range of functionality.  Table 3 lists 
and describes some of the most useful VIs created for CubeSim.  This library is still growing as 
more advanced features are implemented. 
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Table 2.  Low-level STK Connect VIs. 
LabVIEW VI STK Connect  
Base Function(s) 
Description 
Close 
AgConCloseSTK; 
AgConShutdownConnect 
Closes the connection to STK. 
Command 
AgConProcessSTKCmd; 
AgConCleanupReturnInfo 
Function used for all STK Connect 
communications; serves as a “command 
bridge.”  Specific STK commands are passed 
as an argument to this function from 
LabVIEW and delivered to STK.  STK’s 
response, if any, is allocated in memory as a 
special STK structure type - 
AgTConReturnInfo.  This function 
automatically parses the data contained in 
the response into a delimited string and 
passes it back to LabVIEW.  It then cleans 
up the memory used in the process. 
Initialize 
AgConInit; 
AgConOpenSTK 
Opens a connection to STK running on the 
specified computer (can connect to STK 
running on another networked machine to 
decrease the burden on the local machine).  
Returns a connection address to be used by 
all other functions. 
Properties AgConSetProperties 
Toggles communication properties:   verbose 
feedback, command acknowledgement, error 
code reporting, and asynchronous 
communication 
Timeout AgConSetTimeout Specifies connection timeout period. 
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Table 3. High-level STK Connect VIs. 
LabVIEW VI / Base 
Connect Command 
Description 
AddAttitude 
Adds or overwrites attitude and/or angular velocity data at the 
specified point in a vehicle’s ephemeris. 
Animate 
Assumes full control over the animation and its settings in STK’s 
3D and 2D graphics windows.  Can start, pause, step, and reset 
the animation, as well as change its speed and direction.  Can also 
set options for looping and real-time playback.  Primarily used to 
step the animation forward at each iteration of a timed loop in 
LabVIEW, maintaining synchronization between the two 
programs. 
AttSim 
This represents a large collection of VIs used to propagate 
attitude between two specified times with a specified initial 
attitude and angular velocity, optionally overwriting any data 
previously stored in the satellite’s ephemeris during those times.  
The user can additionally specify advanced options, such as the 
integrator used, required precision, and whether to animate and 
show the propagator’s progress.  In CubeSim, this is used to 
modify a satellite’s attitude after a simulated torque is applied.  
Generally, it will propagate the satellite’s attitude forward by the 
time step of the loop in which it is running to maintain continuity 
and speed. 
ConfigureGraphics 
Used to configure various properties of the satellite in STK’s 
animations.  The user can specify whether or not to show the 
satellite, its label, its orbit, and its ground track.  Color can also 
be specified. 
GetReport 
This very robust VI is responsible for retrieving data, such as the 
magnetic field, from STK.  The user specifies an initial time, a 
final time, a time step, and the name of an existing STK report 
style.  The function retrieves the data as a string and parses it into 
a spreadsheet (2D array).   
LoadScenario 
Opens the specified STK scenario.  Since LabVIEW can also 
open STK itself, this allows a user to operate CubeSim without 
the need to interact directly with STK. 
NewVehicle 
Creates a new satellite (or other vehicle).  SetState and Propagate 
VIs can be used to specify the vehicle’s trajectory/orbit.  
Propagate 
Creates an ephemeris for a vehicle between a specified initial and 
final time. 
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Table 3. High-level STK Connect VIs. 
LabVIEW VI / Base 
Connect Command 
Description 
SetAnimation 
Used to set the start, current, and end time of an animation, as 
well as its time step.  Additional functionality has been absorbed 
by the Animate VI. 
SetPosition 
Adds or overwrites position data at a point in a vehicle’s 
ephemeris. 
SetState 
Sets the trajectory/orbit of a vehicle.  Most generally, this is used 
to specify the orbital elements defining a satellite’s orbit. 
SetUnits 
Globally tells STK which units to expect from each type of data 
sent in a command (e.g. distance, angular rates, etc.) and also 
overrides the units of data generated in reports (i.e. one need not 
modify the report style in STK to change the units). 
4.1.4 Attitude Simulation 
VIs involving magnetic field calculation and attitude control were considered part of the 
attitude simulation category.  The equations derived in Section 2.5 which predict the magnetic 
field generated by the HC3, specifically, Equations (24) to (26), were straightforward to code as 
VIs due to their convenient programmatic formatting.  Two different versions of these equations 
were implemented as VIs:  one that solves for the magnetic field given the currents in each coil, 
and one that solves for the currents required in each coil to generate a given magnetic field at some 
point.  The latter is most often used by CubeSim to determine the control currents needed to 
recreate a magnetic field given by STK. 
CubeSim currently has three primary attitude control VIs.  One determines the torque 
generated by IlliniSat-2’s magnetic torque coils given the currents in each coil and the ambient 
magnetic field.  The other two serve to interpret these or other torques and update a satellite’s 
attitude accordingly.  One is used to determine the resulting angular velocity after the torque, while 
the other finds the state transition matrix representing the satellite’s attitude. 
4.2 PRELIMINARY SIMULATION 
With the above interfaces established, a simulation representing a simplified version of 
CubeSim’s ideal form was created in LabVIEW which ties all the various components together.  
The setup for this simulation simply involves the HMC6343 magnetometer centered and aligned 
43 
 
within the HC3.  An arbitrary scenario of a satellite spinning about a fixed axis is opened in STK.     
The program flow is as follows: 
1. The three power supplies, the magnetometer, and the connection to STK are 
initialized. 
2. The magnetometer takes 10 readings of the ambient magnetic field over five 
seconds and averages them.  This magnetic field vector will be nullified by the HC3 
for the remainder of the simulation. 
3. The STK animation is reset and given a time step (by LabVIEW) corresponding 
with the update frequency of the simulation (in this case, 100 ms). 
4. Two separate timed loops (i.e. while loops that iterate at a set time step) follow, 
which are forced to begin execution at the same time and maintain the same phase 
(LabVIEW natively provides this convenient functionality). 
5. The first timed loop is responsible for controlling the HC3 based on magnetic field 
data received from STK; its period is 100 ms.  The following occurs within this 
loop: 
a. The GetReport VI is used to retrieve the magnetic field vector in the 
satellite’s body frame at the current time. 
b. The ambient magnetic field vector (obtained earlier by the magnetometer) 
is subtracted from the vector retrieved from STK.  This is the magnetic field 
that the HC3 needs to generate to simultaneously nullify the ambient field 
and produce the desired field. 
c. LabVIEW determines the amount of current needed to be sent to each coil 
of the HC3 to produce the desired magnetic field. 
d. The power supplies are each commanded to produce the absolute value of 
the corresponding current (recall the HP 6632A power supplies can only 
supply positive current). 
e. The magnetic field is read from the magnetometer. 
f. The animation in STK is stepped forward by one time step. 
6. The second timed loop, running simultaneously but at a different time step, is 
responsible for implementing a control law.  This would generally simulate a small 
torque applied over several small time steps.  At each time step, the resulting new 
attitude and angular velocity is sent to STK and propagated forward to the next time 
step.  For the purposes of this demonstration, a single large torque is simulated to 
better illustrate the result graphically. 
The user interface, or “Front Panel,” for the simulation is shown in Figure 25.  One can 
control all of the simulation parameters, such as time steps, maximum torque, and the satellite’s 
moment of inertia, from the different tabs shown. 
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Figure 25. CubeSim Front Panel. 
4.3 SIMULATION RESULTS 
The simulation described in the previous section produced favorable qualitative results.  To 
show its effectiveness, each magnetic field component measured by the HMC6343 magnetometer 
was plotted against the corresponding component of the expected magnetic field sent from STK 
in real-time as the simulation ran.  Plots resulting from the simulation when no torque was applied 
are shown in Figure 26.  Note again that the power supplies currently used for the simulation can 
only output positive currents, which is why the measured (blue) plot diverges from the expected 
(red) plot when the magnetic field of a component goes negative.  Aside from the points at which 
the two plots separate, the measured values correspond very closely with the expected value from 
STK.  Note, however, that the measured values do appear to lag the expected values by a small 
amount.  This is due to the fact that the magnetic field generated by the HC3 cannot be 
instantaneously updated as soon as a new field is received from STK. 
Figure 27 shows the results of the same simulation with a simulated torque applied at a 
single point.  The torque was directed opposite to the angular velocity with a magnitude such that 
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it would stop the satellite.  The results confirm that CubeSim is able to provide control feedback 
to a simulated satellite in STK. 
 
Figure 26. The measured magnetic field plotted along with the ideal field output from STK.  
The x, y, and z components are on the top, middle, and bottom plots, respectively.  Blue 
lines represent the measured magnetic field, while red lines represent the expected field 
(STK).  The magnetic field is given in gauss.  The total time displayed on the horizontal axis 
represents ten seconds. 
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Figure 27. The measured magnetic field plotted along with the ideal field output from STK, 
with a large simulated torque applied.  The x, y, and z components are on the top, middle, 
and bottom plots, respectively.  Blue lines represent the measured magnetic field, while red 
lines represent the expected field (STK).  The magnetic field is given in gauss.  The total 
time displayed on the horizontal axis represents ten seconds. 
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5. FUTURE WORK 
The work done on CubeSim has laid the foundation for creating a robust attitude 
determination and control testing suite for small satellites.  All of the fundamental concepts and 
components have been demonstrated to work.  The most significant hindrance is the lack of a 
sufficient power supply capable of producing bidirectional current.  Once the power supply shown 
in Section 3.8 is complete, full attitude simulations will be possible with minimal changes to the 
system’s programming. 
Several improvements to CubeSim and the HC3 are planned for the near future.  An 
automated magnetometer calibration program will allow individual magnetometers, or several 
within an assembled satellite, to be calibrated by the HC3 with little need for human interaction.  
It is also planned to add solar simulation to the HC3, which would involve directing programmable 
light sources of variable intensity at each face of a CubeSat at the center of the HC3 to simulate 
the readings that would be picked up from its photometers in orbit.  This would allow for testing 
of the more conventional CubeSat (e.g. from other universities) that require both magnetometer 
and Sun sensor data for attitude determination.  Finally, the addition of a non-magnetic air bearing 
to the HC3 would allow CubeSim to run inertial tests on CubeSats or their actuators, such as 
magnetic torque coils, alleviating the need to simulate their dynamics in software. 
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